Background: PSG1 is secreted by placental cells and regulates TGF-␤ 1 . Results: The B2 domain of PSG1 activates latent TGF-␤ 1 , whereas macrophage induction of latent TGF-␤ 1 relies on the LYHY amino acid sequence within the N-terminal domain. Conclusion: PSG1 exerts bifunctional activity through two distinct domains, resulting in an increase in active TGF-␤1. Significance: These data describe a mechanism by which PSG1 modulates TGF-␤ 1 during pregnancy. . 3 The abbreviations used are: PSG, pregnancy-specific glycoprotein;
Pregnancy-specific glycoproteins (PSGs) are a family of Iglike proteins secreted by specialized placental cells. The PSG1 structure is composed of a single Ig variable region-like N-terminal domain and three Ig constant region-like domains termed A1, A2, and B2. Members of the human and murine PSG family have been shown to induce anti-inflammatory cytokines from monocytes and macrophages and to stimulate angiogenesis. We recently showed that recombinant forms of PSG1 (PSG1-Fc and PSG1-His) and PSG1 purified from the serum of pregnant women are associated with the immunoregulatory cytokine TGF-␤ 1 and activated latent TGF-␤ 1 . Here, we sought to examine the requirement of specific PSG1 domains in the activation of latent TGF-␤ 1 . Plasmon surface resonance studies showed that PSG1 directly bound to the small latent complex and to the latency-associated peptide of TGF-␤ 1 and that this binding was mediated through the B2 domain. Furthermore, the B2 domain alone was sufficient for activating the small latent complex. In separate experiments, we found that the PSG1-mediated induction of TGF-␤ 1 secretion in macrophages was dependent on the N-terminal domain. Mutagenesis analysis revealed that four amino acids (LYHY) of the CC loop of the N-terminal domain were required for induction of latent TGF-␤ 1 secretion. Together, our results show that two distinct domains of PSG1 are involved in the regulation of TGF-␤ 1 and provide a mechanistic framework for how PSGs modulate the immunoregulatory environment at the maternal-fetal interface for successful pregnancy outcome.
Pregnancy-specific glycoproteins (PSGs) 3 are a large family of soluble proteins secreted by the syncytiotrophoblasts of the placenta during pregnancy. There are 10 protein-coding human PSG genes, PSG1-PSG9 and PSG11 (PSG10 is a noncoding pseudogene) arrayed within a genomic region of 0.55 Mb in chromosome 19 (Ensembl) (1) . PSGs share membership in the Ig superfamily with the structurally related carcinoembryonic antigen-related cell adhesion molecules (CEACAMs). The human PSG structure consists of an Ig variable region-like N-terminal domain, followed by two or three Ig constant region type 2-like domains termed A1, A2, and B2. The human PSG structure differs from murine PSGs in that most of the murine PSGs contain three Ig variable region-like N-terminal domains and a single Ig constant region type 2-like A domain (2) . Because the PSG1 mRNA is relatively highly expressed compared with other PSGs in the first trimester of pregnancy and in the term placenta, we concentrated our studies on this member of the family (3) . Several studies support the hypothesis that PSGs contribute to the immunoregulatory environment required for fetal tolerance. PSG1, PSG6, and PSG11 induce the secretion of cytokines IL-10, IL-6, and TGF-␤ 1 in human monocytes, and the PSG6 N-terminal domain alone is sufficient for the induction of TGF-␤ 1 secretion (4) . PSGs also regulate dendritic and macrophage cell function, thereby directing T cell activation (5, 6) . In clinical studies, low serum PSG concentrations during the first trimester of pregnancy correlated with adverse pregnancy outcomes, including preterm delivery and small birth weight (7) . Investigation of potential receptors for PSGs revealed that the tetraspanin CD9 binds murine PSG17, but not PSG23; however, both PSG17 and PSG23 were found to bind to cellular proteoglycans via the N-terminal domain (8, 9) . Human PSG1 also binds cell-surface proteoglycans (10) and the platelet integrin ␣ IIb ␤ 3 (3).
TGF-␤ 1 is a pleiotropic cytokine produced by a variety of hematopoietic and non-hematopoietic cells and is critical for angiogenesis, embryogenesis, cell matrix synthesis, and immune system regulation, including lymphocyte differentiation and inhibition of macrophage and dendritic cell activation (11) . TGF-␤ 1 plays a role in many biological processes, and its activity is highly regulated. TGF-␤ 1 is produced in a biologically inactive form, covalently associated with the latency-associated peptide (LAP), and cannot signal unless this TGF-␤ 1 ⅐LAP complex, also known as the small latent complex (SLC), is activated. Activation of latent TGF-␤ 1 results in the proteolysis, dissociation, or altered binding of LAP to TGF-␤ 1 , allowing free TGF-␤ 1 to bind its receptors (12) . Factors that activate latent TGF-␤ 1 include plasmin, metalloproteases, selected integrins, neuropilin-1, and thrombospondin-1 (TSP-1), as well as heat, low pH, and shear stress (12) (13) (14) . We recently showed that both full-length PSG1 and PSG1-Fc, which contains three domains (N-terminal, A2, and B2), activate SLC of TGF-␤ 1 (15) . This finding led to the hypothesis that PSG1 could have therapeutic potential as a novel anti-inflammatory therapy. In vivo studies showed that PSG1-Fc treatment reduced inflammation in a TGF-␤ 1 -dependent manner in a model of dextran sodium sulfate-induced colitis (15) .
To study the activation of SLC by PSG1, we performed surface plasmon resonance (SPR) experiments to characterize the interaction between these proteins. These experiments showed that PSG1 directly bound LAP in the presence or absence of the TGF-␤ 1 polypeptide. To examine the contribution of specific domains of PSG1-Fc to activation of SLC, we expressed PSG1 domains independently fused to the Fc portion of human IgG1 (PSG1-N-Fc, PSG1-A2-Fc and PSG1-B2-Fc). We used the PSG1 single-domain constructs in SPR experiments to characterize their binding to LAP and SLC and determined that LAP binding was mediated via the Ig constant region type 2-like B2 domain. In addition, the B2 domain was found to be sufficient for latent TGF-␤ 1 activation.
To date, few factors have been described that induce the secretion of TGF-␤ 1 in distinct cell populations. In addition to PSGs, the induction of TGF-␤ 1 has been described in macrophages treated with apoptotic lymphocytes (16, 17) , Mycobacterium tuberculosis lipoarabinomannan (18) , and lipopolysaccharide (19) . We re-examined the induction of TGF-␤ 1 by PSG1 and found that the N-terminal domain alone is sufficient for macrophage TGF-␤ 1 production. In addition, we identified the region within the N-terminal domain required for TGF-␤ 1 induction: a four-amino acid sequence (LYHY) located in the CCЈ loop. With these studies, we characterized the binding and activation of TGF-␤ 1 via PSG1 and defined two domains of PSG1 capable of regulating TGF-␤ 1 biological activity.
EXPERIMENTAL PROCEDURES
Protein Production and Purification-PSG1-Fc and CEACAM9-Fc were generated as described previously (15) . The PSG1 single-domain mutants were generated as follows. The cDNA consisting of the PSG1 leader peptide followed by the indicated domain was synthesized by GenScript USA Inc. (Piscataway, NJ) and subcloned into the EcoRI-BglII sites of the pFUSE-IgG1-e3-Fc1 vector (InvivoGen, San Diego, CA), resulting in the in-frame addition of the hinge region and CH2 and CH3 domains (Fc tag) of the IgG1 heavy chain. PSG1-His has a His 6 tag at the N-and C-terminal ends of the protein and was purified from the supernatant of stably transfected CHO-K1 cells grown on a C2003 hollow fiber cell culture cartridge (FiberCell Systems, Frederick, MD) on an anti-PSG1 monoclonal antibody 4 column. Monoclonal antibody 4 was obtained from Dr. S. Jonjic (University of Rijeka, Rijeka, Croatia) and was previously used to purify PSG1 from the serum of pregnant women (15) . Recombinant proteins generated by transient transfection were purified from cell culture medium (Opti-MEM I) of CHO-K1 cells transfected with Lipofectamine 2000 (Invitrogen) 72 h post-transfection. The protein consisting of the Fc tag (used as control for the treatment of macrophages) was generated by transient transfection of CHO-K1 cells with the pFUSE-hIgG1-Fc2 vector (InvivoGen). The four mutant N-terminal domain proteins were obtained by replacing the wild-type sequence in the cDNA encoding the leader peptide and the N-terminal domain of PSG1 cloned into the pFUSE-IgG1-e3-Fc1 vector with a synthesized cDNA fragment encoding the indicated mutations at the unique EcoRI-XhoI sites. For the generation of the recombinant B2 protein in bacteria, the B2 domain of PSG1 was PCR-amplified with primers 5Ј-GACGAC-GACAAGATGGGTCCAGACCTCCCCAG and 5Ј-GAG-GAGAAGCCCGGTTAAGAGACTTCGACTGTCATG using the B2 domain cloned into pFUSE-IgG1-e3-Fc1 as the template. The PCR product was cloned into the pET-41 Ek/LIC vector (Novagen, Billerica, MA). The proper insert orientation and sequence were confirmed by sequencing with the S-tag primer as recommended by the manufacturer. Expression of the B2 cDNA cloned into the pET-41 Ek/LIC vector in Rosetta-gami 2(DE3) bacteria renders a polypeptide containing GST, His, and S-tag at the N terminus, and its expression was induced by addition of 1 mM isopropyl ␤-D-thiogalactopyranoside for 2 h. Following induction, the soluble and insoluble fractions were analyzed for the presence of the protein (designated as PSG1-GST-B2) by separation on a 4 -12% NuPAGE Bis-Tris gel (Invitrogen), followed by staining of the gel with GelCode Blue (Thermo Scientific, Waltham, MA). The PSG1-GST-B2 protein, which had a predicted molecular mass of 40 kDa, was present in the insoluble fraction, and its identity was confirmed by immunoblot analysis with anti-PSG1 B2 peptide polyclonal antibody NBP1-58028 (Novus Biologicals, Littleton, CO), followed by HRP-conjugated goat anti-rabbit antibody. To generate purified PSG1-GST-B2 protein, Rosetta-gami 2(DE3) cells expressing PSG1-GST-B2 were disrupted using lysozyme (1 kilo-unit/ml) and Benzonase (25 units/ml) in Bug-Buster protein extraction reagent (Novagen) with cOmplete EDTA-free protease inhibitor mixture (Roche Applied Science), and the insoluble fraction was recovered by centrifugation, followed by several washes with BugBuster as suggested by the manufacturer. The bacterial pellet (containing the inclusion bodies) was solubilized in binding buffer (6 M guanidine HCl, 20 mM Tris-HCl (pH 8.0), 500 mM NaCl, and 5 mM imidazole), and the protein was purified following the HisTrap on-column refolding protocol (GE Healthcare). Recombinant GST (GenScript USA Inc.) was used as the control protein in experiments testing PSG1-GST-B2 activation of SLC.
All recombinant proteins generated for the studies described in this work were purified with the indicated column: protein A for Fc-tagged proteins and HisTrap for the bacterially produced B2 domain in an ÄKTAprime system (GE Healthcare) unless specified otherwise. Elution fractions containing the protein were pooled, concentrated, and buffer-exchanged with PBS in an Amicon Ultra-10K centrifugal filter unit (Millipore). For quantitation purposes, the purified proteins were separated on 4 -20% NuPAGE Bis-Tris gels at different dilutions alongside known concentrations of BSA (Thermo Scientific), used as a standard. After staining with GelCode Blue, the proteins were quantitated by densitometry. Antibodies to the specific domains, including monoclonal antibody 4 (which reacts with the N-terminal domain), monoclonal antibody BAP1 (Aldevron Freiburg GmbH, Freiburg, Germany; which reacts with the A2 domain), and anti-B2 peptide polyclonal antibody, were used to confirm the identity of the single-domain mutants by Western blotting (data not shown).
SPR-Protein-protein interactions were analyzed by the SPR technique using a Biacore 3000 instrument (GE Healthcare). Recombinant human LAP and human latent TGF-␤ 1 (catalog numbers 246-LP (carrier-free) and 299-LT, respectively; R&D Systems, Minneapolis, MN), were coupled via a standard amine-coupling procedure to the flow cells of a CM5 sensor chip until a level of 1000 resonance units was reached. A control cell was prepared in the same way but without protein. Tested proteins were injected separately into the flow cell at a flow rate of 10 l/min at 25°C. Each interaction was analyzed at least three times with different protein preparations.
Several analyte concentrations (8, 6, 5, 4, 2, 1, and 0.5 M) were injected during the association phase for 3 min with HBS-EP (0.01 M HEPES (pH 7.4), 0.15 M NaCl, 3 mM EDTA, and 0.005% (v/v) Surfactant P20) as the running buffer. The dissociation phase, initiated by passage of HBS-EP buffer alone, was carried out over a period of 2 min. The chip surfaces were regenerated by a 60-s injection of 10 mM glycine HCl (pH 2.0). Kinetic data were analyzed using BIAevaluation version 4.1.1. The association (K a ) and dissociation (K d ) constants were calculated assuming a 1:1 Langmuir binding model. All binding curves were corrected for background and bulk refractive index contribution by subtraction of the reference flow cells.
For LSKL peptide inhibition studies, 2 M PSG1-Fc was incubated with the LSKL peptide (GenScript USA Inc.) or a control peptide (SLLK) at 20 and 200 M final concentrations for 1 h at 37°C before injection at 10 l/min over a biosensor chip with immobilized LAP. LAP was coupled via a standard amine-coupling procedure to the flow cell of a CM5 sensor chip until a level of 2000 resonance units was reached. A reference cell was prepared in the same way but without protein. The association and dissociation phases were perform as described above. The percentages of PSG1-Fc-LAP binding in the presence of the LSKL or SLLK peptide were calculated in comparison with PSG1-LAP binding in the absence of peptide (100%). Each interaction was analyzed at least three times, and all binding curves were corrected for background and bulk refractive index contribution by subtraction of the reference flow cell.
ELISAs-Active TGF-␤ 1 was detected as described previously (15) . Briefly, 50 ng/ml SLC (R&D Systems) was incubated with PSG1-A2-Fc, PSG1-N-Fc, PSG1-B2-Fc, PSG1-GST-B2, CEACAM9-Fc, or GST at the concentrations indicated in the figure legends (0.25-10.0 g/ml) at 37°C for 1 h in a final volume of 0.1 ml of PBS in siliconized tubes. The samples were transferred to a 96-well Nunc MaxiSorp plate that had been blocked with 0.5% BSA following an overnight coating step with either recombinant human TGF-␤ receptor II-Fc or anti-TGF-␤ 1 antibody (R&D Systems). After 2 h, the plates were washed, and the presence of active TGF-␤ 1 was detected with a biotinylated antibody specific for mature TGF-␤ 1 from a Duo-Set ELISA kit (R&D Systems).
Luciferase Assay-The presence of bioactive TGF-␤ was determined using the TGF-␤-responsive plasminogen activator inhibitor-1 luciferase reporter mink lung epithelial cell (MLEC) line provided by Dr. D. Rifkin (New York University, New York, NY) as described previously (20) . In brief, 1.6 ϫ 10 4 MLECs were seeded onto a 96-well plate in serum-free DMEM supplemented with 0.1% insulin/transferrin/sodium selenite medium (Sigma-Aldrich). After 3 h, the MLECs were treated either with DMEM and 0.1% insulin/transferrin/sodium selenite medium or with 2.5 g/ml PSG1-A2-Fc, PSG1-N-Fc, PSG1-GST-B2, GST, or CEACAM9-Fc that had been incubated at 37°C for 1 h with or without 50 ng/ml SLC. After 16 h, the cells were rinsed with PBS and lysed with Passive Lysis Buffer (Promega, Madison, WI), and the lysate was analyzed on a GloMax luminometer (Promega) following addition of the luciferase substrate and reported as relative light units. Similarly, for LSKL peptide inhibition studies, 50 ng/ml SLC was incubated at 37°C for 1 h with PSG1-GST-B2 in the presence of a 10-fold molar excess of LSKL or SKKL peptide (4.4 nM) and added to MLECs in triplicate as described above. The increase in luciferase was compared with PSG1-GST-B2-and GST control-treated samples as a measure of active TGF-␤ 1 .
Induction of Macrophage TGF-␤ 1 -RAW264.7 macrophages were plated at a density of 1.8 ϫ 10 5 cells/well of a 96-well plate in triplicate in DMEM and 5% HyClone FetalClone III (GE Healthcare). After overnight incubation at 37°C, the medium was replaced with medium containing the proteins at the indicated concentrations, and the supernatants were collected after 16 -22 h. Supernatant (0.1 ml) was activated with 1 N HCl, followed by neutralization to measure total TGF-␤ 1 by ELISA following the manufacturer's recommendations (R&D Systems). All treatments were performed in triplicate in at least three independent experiments.
Quantitative PCR-Total RNA was isolated from RAW264.7 cells with an RNeasy mini kit (Qiagen). RNA (1 g) was used to generate cDNA with a high capacity cDNA reverse transcription kit (Applied Biosystems). The TGF-␤ 1 mRNA levels were determined with the following primer-probe sets (Invitrogen): for TGF-␤ 1 , assay ID MM01178820_M1, and for the hypoxanthine phosphoribosyltransferase (HPRT) housekeeping gene, assay ID MM00446968_M1 using TaqMan Gene Expression Master Mix in a 20-l final reaction volume as recommended by the manufacturer. The C t values of TGF-␤1 were normalized to those of hypoxanthine phosphoribosyltransferase, and the experiment was repeated three independent times using three wells per treatment.
Cell Culture-All cells were cultured in 5% CO 2 and 95% air in 37°C humidified incubators in the presence of 100 units/ml penicillin/streptomycin (Invitrogen) and 1ϫ Normocin (Invi-voGen). RAW264.7 cells were obtained from the American Type Culture Collection (Manassas, VA) and cultured in the medium and conditions recommended. Regular FBS was replaced with HyClone FetalClone III, which has very low levels of TGF-␤ 1 , in experiments designed to test the ability of different proteins to induce TGF-␤ 1 secretion from RAW264.7 cells.
Generation of a Structural Model of the PSG1 N-terminal Domain-A structural model of the N-terminal domain of human PSG1 was generated using SWISS-MODEL with the crystal structure of the N-terminal domain of CEACAM5 as a reference (Protein Data Bank ID 2QSQ) (21, 22) . The model was refined using 3Drefine and evaluated with PROCHECK (23). The final model had 98.9% of the residues in the most favorable or additionally allowed regions (24) . The root mean square deviation between the model and the CEACAM5 crystal structure was 0.2 Å for 107 residues.
Statistical Analysis-Statistical significance of raw data between two groups was evaluated using Student's unpaired t test. Results are expressed as the mean Ϯ S.D. Statistical analysis was performed using GraphPad Prism software.
RESULTS
The PSG1 B2 Domain Directly Binds SLC of TGF-␤ 1 and LAP-We showed previously that full-length PSG1 purified from the serum of pregnant women and a natural splice variant composed of three domains (N-terminal, A2, and B2) with an Fc tag at the C terminus, designated PSG1-Fc, activate latent TGF-␤ 1 (15) . The best characterized activators of TGF-␤ 1 , including selected integrins and TSP-1, bind to LAP of TGF-␤ 1 in the absence of the mature TGF-␤ 1 polypeptide (25, 26) . Here, we analyzed whether PSG1 can bind to LAP in the absence of the mature TGF-␤ 1 polypeptide and defined the kinetics of the interactions between PSG1 and LAP and between PSG1 and SLC of TGF-␤ 1 using SPR analysis. For these experiments, we used PSG1-Fc, which is the protein we previously used for our in vivo studies, and PSG1-His, which is composed of the four PSG1 domains (N-terminal, A1, A2, and B2) (Fig. 1B) . The SPR experiments revealed a direct interaction between PSG1 and LAP in the absence and presence of the mature TGF-␤ 1 polypeptide (Fig. 2) . The affinity of the PSG1-LAP interaction is in the micromolar range (K d ϭ 1.09 -3.56 M). Kinetic parameters of these interactions were calculated and are shown in Table 1 .
To determine which domain(s) of PSG1-Fc are involved in TGF-␤ 1 binding, we generated PSG1 single-domain constructs (Fig. 1) . Binding of the PSG1 single-domain proteins to SLC and LAP was also analyzed by SPR (Fig. 3) . Proteins consisting of only the N-terminal or A2 domain did not bind to SLC or LAP Table 1 . Representative SPR sensorgrams for each response are shown as gray lines, and fit analyses are shown as black lines. RU, response units. FEBRUARY 13, 2015 • VOLUME 290 • NUMBER 7 more than the control protein CEACAM9-Fc. Interestingly, the B2 domain alone showed binding to SLC and LAP, revealing a direct interaction between the PSG1 B2 domain and LAP.
Induction and Activation of TGF-␤ 1 by PSG1
The PSG1 B2 Domain Is Sufficient to Activate SLC of TGF-␤ 1 -PSG1 B2 domain binding to SLC and LAP suggested that the B2 domain alone may activate SLC. Therefore, we tested the single-domain proteins (PSG1-N-Fc, PSG1-A2-Fc, and PSG1-GST-B2) in a cell-free assay for their ability to activate SLC of TGF-␤ 1 (15) . We used two ELISA protocols to detect active TGF-␤ 1 : one in which plates were coated with an antibody that recognizes the active form of TGF-␤ 1 (Fig. 4A ) and one in which samples were added to plates coated with TGF-␤ receptor II (Fig. 4, B and C) . Generation of the B2 domain construct (PSG1-B2-Fc) was made difficult by the very low yield of protein following transfection of CHO-K1 or HEK293T cells. The B2 domain is the only domain of PSG1 that does not have potential N-linked glycosylation sites (27) . Therefore, we employed a bacterial expression system that allowed us to generate sufficient quantities of the B2 domain (PSG1-GST-B2) to further test the function of this domain in activation assays. As shown in Fig. 4A , PSG1-GST-B2 activated SLC, generating significant levels of active TGF-␤ 1 compared with the GST control protein. The PSG1 A2 and N-terminal single-domain proteins used at the same concentration (2.5 g/ml) also had the capacity to activate SLC compared with the CEACAM9-Fc control protein but always generated signifi-cantly less active TGF-␤ 1 than SLC treated with PSG1-GST-B2. To further examine the ability of the single-domain proteins to activate SLC, we performed experiments with higher protein concentrations. As shown in Fig. 4B , the A2 and N-terminal single-domain proteins activated only a small percentage (ϳ10%) of SLC even when tested at 10 g/ml. In contrast, the PSG1 B2 domain activated a higher percentage of SLC at 1 g/ml, with a percent activation consistently over 50% when used at 5 g/ml (Fig. 4C) .
PSG1-B2-Fc Activation of Latent TGF-␤ 1 Generates Biologically Active TGF-␤ 1 -To detect the presence of biologically active TGF-␤ following treatment with the specific PSG1 domains, we used a well characterized luciferase reporter cell line (MLEC) that allows quantification of mature TGF-␤ (20) . For this two-step assay, SLC was first incubated with individual PSG1 domains at 37°C for 1 h (as in Fig. 4 , A-C) and then added to wells containing MLECs. After 16 h at 37°C, the MLEC monolayers were lysed, and the luciferase signal was measured on a luminometer. MLECs responded to the presence of active TGF-␤ following incubation of SLC with PSG1-A2-Fc and PSG1-N-Fc compared with active TGF-␤ detected following incubation with the protein control. However, significantly higher TGF-␤ bioactivity was generated when SLC of TGF-␤ was incubated with the B2 domain before treatment of the cells (Fig. 4D ). These results are in agreement with the increased capacity of the B2 domain to activate latent TGF-␤ 1 in the cellfree activation assays. MLECs treated with PSG1 domains in the absence of SLC did not show enhanced luciferase activity compared with control proteins (mean relative light units Ϯ S.D. for PSG1-A2-Fc, 0.7 Ϯ 0.04; PSG1-N-Fc, 0.41 Ϯ 0.04; PSG1-GST-B2, 0.39 Ϯ 0.02; and control proteins alone, 0.79 Ϯ 0.11).
PSG1 Does Not Interact with Latent TGF-␤ 1 through the LSKL Sequence in LAP-The matrix glycoprotein TSP-1 binds and activates latent TGF-␤ 1 through a mechanism dependent upon the LSKL sequence in LAP and the KRFK sequence in TSP-1 (26) . Several studies have shown that the LSKL peptide competes with TSP-1 and inhibits the ability of this protein to trigger activation of latent TGF-␤ 1 (26, 28) . Therefore, we 
TABLE 1 Kinetic analysis of PSG1 interaction with the SLC and LAP using a 1:1 Langmuir binding model
The kinetic data shown in Fig. 2 for the interaction of PSG1-Fc and PSG1-His with the SLC and LAP of TGF-␤ 1 were fit using a 1:1 Langmuir binding model for estimation of the association (k a ) and dissociation (k d ) rates and the dissociation constant (K d ϭ k d /k a ). tested the ability of LSKL to inhibit the interaction of PSG1 with LAP using SPR. LSKL and a scrambled peptide control at 10and 100-fold molar excess did not reduce binding of PSG1 to LAP compared with binding in the absence of peptides (Fig.  5A) . These results were confirmed in the cell-dependent assay, in which the induction of luciferase activity as a measure of TGF-␤ levels was unchanged in the reporter MLECs following incubation of PSG1-GST-B2 and SLC in the presence of LSKL (Fig. 5B) .
The PSG1 N-terminal Domain Induces TGF-␤ 1 in RAW264.7 Macrophages-TGF-␤ 1 is a ubiquitous cytokine produced by many cells types, but the identification of factors that induce its production has been limited. Previously, we reported the induction of TGF-␤ 1 from monocytes following treatment with PSG1, PSG6, and PSG11 (4) . The N-terminal domains of the 10 human PSG proteins consist of 109 amino acids, and they share ϳ58.7% sequence identity. Treatment of monocytes with the N-terminal domain of PSG6 was sufficient for TGF-␤ 1 induc- FIGURE 4 . The B2 domain of PSG1 is sufficient for activation of SLC of TGF-␤ 1 . A, 2.5 g/ml CEACAM9-Fc, PSG1-A2-Fc, PSG1-N-Fc, PSG1-GST-B2, or GST was incubated with 50 ng/ml SLC for 1 h at 37°C and then analyzed for active TGF-␤ 1 by ELISA as described under "Experimental Procedures." B, increasing concentrations of PSG1-N-Fc, PSG1-A2-Fc, and CEACAM9-Fc were incubated with 50 ng/ml SLC for 1 h at 37°C, and the percentage of SLC activated was measured with a TGF-␤ receptor II-Fc capture ELISA. 100% SLC activation was defined as the amount of active TGF-␤ 1 measured following acid activation of 50 ng/ml SLC. C, increasing concentrations of PSG1-GST-B2 or GST were incubated with 50 ng/ml SLC for 1 h at 37°C, and the percent SLC activated was measured as described for B. D, 2.5 g/ml CEACAM9-Fc, PSG1-A2-Fc, PSG1-N-Fc, PSG1-GST-B2, GST, or medium alone (med) was incubated with 50 ng/ml SLC in DMEM and 0.1% insulin/transferrin/sodium selenite medium for 1 h at 37°C and then added in triplicate to luciferase reporter cells (MLECs). The treated MLECs were incubated for 16 h at 37°C and lysed, and the luciferase activity was analyzed on a GloMax luminometer. The relative light units (RLU) reflect the dose-dependent increase in luciferase activity following active TGF-␤ signaling. For A-D, all treatments were performed in triplicate for a minimum of three independent experiments. *, p Յ 0.02 by Student's t test for data in A-D.
FIGURE 5. The LSKL peptide does not inhibit PSG1-Fc binding to LAP or the activation of SLC via PSG1-GST-B2.
A, PSG1-Fc protein (2 M) was incubated with the LSKL peptide or a control peptide (SLLK) at a 10:1 or 100:1 peptide/protein molar ratio at 37°C for 1 h and injected at 10 l/min over a LAP biosensor surface. The percentage of binding of PSG1-Fc in the presence of peptide is shown relative to PSG1-Fc binding to LAP in the absence of peptide (100%). The mean Ϯ S.D. for three independent experiments is shown. B, SLC (50 ng/ml) was incubated with PSG1-GST-B2 alone or with PSG1-GST-B2 in the presence of a 10-fold molar excess of the LSKL or SLLK peptide at 37°C for 1 h and added in triplicate to luciferase reporter cells (MLECs). After 16 h at 37°C, the cells were lysed, and the luciferase activity was analyzed on a luminometer. The relative light units (RLU) reflect the increase in luciferase activity following active TGF-␤ signaling. *, p Ͻ 0.002 with Student's t test.
tion, but the ability of the N-terminal domain of PSG1 or PSG11 to induce TGF-␤ 1 has not been tested. Therefore, we examined the capacity of the N-terminal domain of PSG1 to induce TGF-␤ 1 and also the possible role of the A2 and B2 domains of this protein in TGF-␤ 1 induction. Due to the low yield of the B2 single-domain protein following expression from mammalian cells and the presence of endotoxin, a known inducer of TGF-␤ 1 by macrophages in the B2 domain protein generated in bacteria, we generated a PSG1-A2-B2-Fc construct to evaluate the possible role of the B2 domain in TGF-␤ 1 induction (Fig. 6A) . We tested the PSG1-A2-B2-Fc protein alongside the N-terminal and A2 single-domain proteins for their ability to induce TGF-␤ 1 in RAW264.7 macrophages. As shown in Fig. 6B , TGF-␤ 1 was significantly induced following treatment with the PSG1-N-Fc protein, but not with the PSG1-A2-Fc or PSG1-A2-B2-Fc protein after overnight culture (18 -24 h) . Time course studies with PSG1-N-Fc and the control protein at 3 g/ml indicated that the earliest time point post-treatment at which we detected a significant difference in total TGF-␤ 1 in the conditioned medium was 8 h (1.5 Ϯ 0.17fold increase). The difference in total TGF-␤ 1 between treatments was greater when the conditioned medium was collected 18 -24 h post-treatment, in which case, we consistently observed a Ͼ2-fold difference. Significant induction of TGF-␤ 1 mRNA by quantitative real-time PCR (normalized to hypoxanthine phosphoribosyltransferase (HPRT)) was detected at 4 h post-treatment (2.18 Ϯ 0.17-fold induction over control protein-treated cells). In addition, bone marrow-derived macrophages treated with the N-terminal domain of PSG1 secreted TGF-␤ 1 compared with the control protein-treated cells, whereas the PSG1-A2-Fc and PSG1-A2-B2-Fc proteins did not (data not shown). To examine the amino acid sequence in the PSG1 N-terminal domain required for TGF-␤ 1 production by macrophages, we mutated the amino acids in the CCЈ and CЈCЉ loops to the corresponding amino acids in CEACAM5 (formerly known as CEA) ( Fig. 6C) (29) . PSG1-N-Fc with the amino acids mutated in the CЈCЉ loop remained capable of inducing significant TGF-␤ 1 from macrophages; however, the protein with the amino acids mutated in the CCЈ loop failed to induce TGF-␤ 1 even when the macrophages were treated with 12 g/ml protein (Fig. 6D , black and gray bars, respectively). To further characterize the amino acids in the CCЈ loop required for TGF-␤ 1 induction, we generated two distinct mutants by replacing either three amino acids (Y42N/H43R/Y44Q) or four amino acids (L41G/Y42N/ H43R/Y44Q) with the corresponding amino acids present at the same positions in human CEACAM5 (Fig. 6, A and C) . As shown in Fig. 6E , the PSG1 N-terminal Y42N/H43R/Y44Q mutant retained the capacity to induce TGF-␤ 1 secretion, albeit its activity was significantly lower compared with the wild-type PSG1 N-terminal protein, whereas the PSG1 N-terminal L41G/Y42N/H43R/ Y44Q mutant failed to induce TGF-␤ 1 . This result indicates that the CCЈ loop of the N-terminal domain of PSG1 is critical for PSG1 induction of TGF-␤ 1 from macrophages and that amino acids LYHY are required for this function. We generated a structural model for the N-terminal domain of PSG1 based on the CEACAM5 crystal structure (Protein Data Bank ID 2QSQ) to examine whether the CCЈ and CЈCЉ loop regions are located in solvent-exposed extracellular loops (21, 22) . As expected, the CCЈ and CЈCЉloops are highly exposed in the structural model for the N-terminal domain of PSG1, and Leu-41 is accessible for ligand binding (Fig. 6F ).
DISCUSSION
PSGs were first described as abundant serum markers of early pregnancy that increased in concentration as pregnancy progressed (30) . PSGs are secreted by placental syncytiotrophoblasts, which also secrete human chorionic gonadotropin, progesterone, and estrogen hormones (31) . Several studies suggest that PSGs influence fetal tolerance; however, syncytiotrophoblasts may also play a role in pathogen recognition and inflammation, as trophoblast cells were found to express Tolllike receptors (32) . Recent descriptions of the bacterial microbiome found in the placenta suggest the presence of immunoregulatory systems in place at the onset of placentation (33, 34) . Our results obtained upon examination of the role of PSG1 in the induction and activation of a major immunoregulatory cytokine, TGF-␤ 1 , help advance our understanding of how fetal-derived cells of the placenta and their proteins influence maternal and fetal immune networks during pregnancy.
SPR technology has been used successfully to study the interactions of TGF-␤ with its cognate receptors and the mature TGF-␤ 1 polypeptide with LAP (35, 36) . In this study, we used SPR to examine the interaction of PSG1 with SLC of TGF-␤ 1 , which is composed of LAP and the mature TGF-␤ 1 polypeptide, as well as the interaction of PSG1 with recombinant LAP. These experiments revealed a direct interaction of PSG1 with SLC and with LAP. Two different PSG1 constructs were tested in the SPR experiments: PSG1-His and PSG1-Fc. PSG1-His is composed of the four domains of PSG1 (N-terminal, A1, A2, and B2), whereas PSG1-Fc lacks the A1 domain. Both PSG1 proteins showed the same binding kinetics for SLC and LAP, indicating that PSG1-LAP binding is not affected by the absence of the A1 domain or the presence of TGF-␤ 1 in SLC. PSG1-His is mainly a monomeric protein based on analysis by size exclusion chromatography on a Superose 12 column (GE Healthcare). In contrast, the majority of the PSG1-Fc protein is dimeric due to the presence of the Fc tag (data not shown). Thus, the presence of the Fc tag and the oligomerization state of PSG1 did not alter the affinity of the PSG1-LAP interaction.
We consistently observed by ELISA that higher levels of TGF-␤ 1 co-purified with the PSG1-B2-Fc protein expressed in CHO-K1 cells compared with the concentration of TGF-␤ 1 associated with PSG1-N-Fc and PSG1-A2-Fc generated under the same conditions. Similarly, the concentration of human LAP measured by ELISA when the proteins were transiently expressed in HEK293T cells was always highest in the PSG1-B2-Fc preparations compared with the amount of LAP associated with equimolar concentrations of PSG1-N-Fc and PSG1-A2-Fc (data not shown). Together with the results of the SPR analysis presented here, these observations support the conclusion that the B2 domain, which is present in all PSG1 splice variants, plays a central role in the ability of PSG1 to activate latent TGF-␤ 1 . Although we could not detect binding of the N-terminal or A2 domain of PSG1 to SLC or LAP using SPR, our functional studies indicate that a potential contribution of the N-terminal and A2 domains to the ability of PSG1-Fc to activate latent TGF-␤ 1 cannot be completely excluded. Also, preliminary results indicate that the A1 domain of PSG1 can activate SLC in the cell-free activation assay and generate bioactive TGF-␤ 1 in the luciferase-based MLEC assays to a similar extent as the N-terminal domain.
The SPR results show that PSG1 and the PSG1 B2 domain alone bound directly to LAP in the absence of the mature TGF-␤ 1 polypeptide. Because we have previously shown that PSG1 activates latent TGF-␤ 1 in the presence of protease inhibitors, our results suggest that the mechanism by which PSG1 mediates latent TGF-␤ 1 activation likely involves a PSG1-induced conformational change in LAP, as was shown previously for TSP-1 and integrin ␣ v ␤ 6 (15, 37) . Our results suggest that amino acids other than the LSKL sequence in LAP are involved in the interaction between the B2 domain of PSG1 and LAP. The matrix glycoprotein tenascin X (TNX) has recently been described as an activator of TGF-␤ (28) . The fibrinogen-like domain of TNX activates SLC of TGF-␤ in a cell adhesion-dependent manner, which requires expression of integrin ␣ 11 ␤ 1 as a receptor for TNX. Although activation of SLC by PSG1 is cell-adhesion independent, there may be similarities in the mechanism by which PSG1 and TNX activate SLC; the B2 domain of PSG1 and the fibrinogen-like domain of TNX share conserved amino acids that may potentially be responsible for the interaction of these proteins with LAP.
PSGs are the only secreted proteins in the CEACAM family that consist of several membrane-bound proteins with diverse functions, including cell adhesion, immunomodulation, pathogen binding, and angiogenesis (38) . Early studies by Zhou and Hammarström (29) examining the putative functional regions of human CEACAM and PSG molecules identified sequences within the N-terminal domain that are highly conserved, nonglycosylated, and possibly free to interact with potential PSG ligand(s). For some members of the CEACAM family, the CCЈ loop in the N-terminal domain contains critical amino acids for interaction with putative molecules, as this is the region of binding for pathogens, including murine hepatitis virus (39), Neisseria spp., and Haemophilus influenza (38) . We found that Induction and Activation of TGF-␤ 1 by PSG1 FEBRUARY 13, 2015 • VOLUME 290 • NUMBER 7 JOURNAL OF BIOLOGICAL CHEMISTRY 4429 amino acids in the CCЈ loop are essential for the ability of the N-terminal domain of PSG1 to induce the secretion of TGF-␤ 1 in the RAW264.7 macrophage cell line. Mutation of amino acids LHYH in the CCЈ loop to the corresponding amino acids in the CCЈ loop of CEACAM5 resulted in a protein that did not induce secretion of TGF-␤ 1 . Interestingly, we showed previously that PSG6 and PSG11 can also induce the secretion of TGF-␤ 1 ; together with six other human PSGs, they have the LYHY sequence in the N-terminal domain in a conserved position (4) . Although PSG4 has the VYHY sequence in this position, substitution of the similarly charged valine for leucine at position 41 may still render a protein with the same function, suggesting that all 10 PSGs may share the ability to induce TGF-␤ 1 secretion by macrophages. At this time, the macrophage receptor(s) for the N-terminal domain of PSG1 remain to be identified. Although we could not test whether the PSG1-B2-Fc single-domain protein induces TGF-␤ 1 secretion due to the low protein yield and high content of associated TGF-␤ 1 , our results using a mutant consisting of the PSG1 A2 and B2 domains suggest that neither the A2 nor B2 domain is involved in this PSG1 function. Overall, the results presented here indicate that direct binding of the B2 domain of PSG1 to LAP of TGF-␤ 1 results in the activation of SLC and that the interaction between PSG1 and SLC is not mediated through the LSKL sequence in LAP. In addition, we showed that amino acids LYHY in the CCЈ loop of the N-terminal domain are involved in the ability of PSG1 to induce production of latent TGF-␤ 1 by macrophages.
